The synthesis of the salt ½4,4 0 -H 2 bipy½CoBr 4 3 and metallo-organic framework (MOF) ½fð4,4 0 -bipyÞCoBr 2 g n 4 by a range of solid state (mechanochemical and thermochemical) and solution methods is reported; they are isostructural with their respective chloride analogues 1 and 2. 3 and 4 can be interconverted by means of HBr elimination and absorption. Single phases of controlled composition and general formula ½4, 4 0 -H 2 bipy½CoBr 4-x Cl x 5x may be prepared from 2 and 4 by solid-gas reactions involving HBr or HCl respectively. Crystalline single phase samples of 5x and ½fð4,4 0 -bipyÞCoBr 2-x Cl x g n 6x were prepared by solid-state mechanochemical routes, allowing fine control over the composition and unit cell volume of the product. Collectively these methods enable continuous variation of the unit cell dimensions of the salts ½4,4 0 -H 2 bipy½CoBr 4-x Cl x (5x) and the MOFs ½fð4,4 0 -bipyÞCoBr 2-x Cl x g n (6x) by varying the bromide to chloride ratio and establish a means of controlling MOF composition and the lattice metrics, and so the physical and chemical properties that derive from it.
metric engineering | solid-state reactivity I n sensu lato molecular crystal engineering is that branch of chemistry whose aim is to prepare designed, indeed "engineered," crystals. Successful implementation would offer the promise of ready access to functional crystalline materials with desirable chemical and physical properties. In one respect, such success would imply the ability to prepare crystals with preplanned unit cell dimensions and so also those properties that would depend on them. This sort of control over crystal structure might merit the term engineering-specifically, lattice metric engineering.
There has been limited success in this endeavor, but the work in this field of Ward (1-3) and Metrangolo and Resnati (4, 5) is notable, and builds on that of Yaghi (6), Zaworotko, (7) Moore (8) , Fujita (9) and Jones (10) in seeking control over lattice metrics in crystal structures. In all these cases the lattice metrics are determined by the replacement of a particular molecular unit by another of different dimensions, leading to a discrete change in the lattice dimensions. Here we report that it is possible to use solid-state and solid-gas synthetic methods to continuously vary and to control the unit cell dimensions of the salt ½4;4 0 -H 2 bipy½CoBr 4-x Cl x (5 x ) and the metallo-organic framework solid (MOF) ½fð4;4 0 -bipyÞCoBr 2-x Cl x g n (6 x ) by varying the bromide to chloride ratio. Others (11, 12) (12) . A linear relationship between lattice dimensions and composition is termed Vegard's law in solid-state physics, and is known in the chemistry of metal oxides and halides (see for example LaOCl x Br 1-x ; CuCl x Br 1-x ; and CsGeðCl x Br 1-x Þ 3 ) (13) (14) (15) (16) .
In studies of pyridinium and other salts of chlorometallate anions we have shown how charged building blocks can self assemble in a reasonably predictable manner under the influence of NH…Cl hydrogen bonds (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . We have also observed that these compounds can be used as precursors to the formation of metal-nitrogen coordination polymers by HCl elimination (27) . Finally, we have explored the utility of other solid-state reactions to prepare metal chloride adducts of nitrogen bases such as 4,4′-bipyridine and imidazole (28) . In doing so we (and others (29) (30) (31) ) have been surprised by the ease of (re)crystallization of the products of these solid-state reactions, and we were therefore prompted to verify the generality of these synthetic methods by extending the systems investigated to bromide analogues and to exploit them to obtain control over the lattice metrics of these molecule-based crystalline solids.
Results and Discussion
As previously reported (27) , the crystalline salts ½4;4 0 -H 2 bipy ½MCl 4 1 (M ¼ Co (1), Zn) can be prepared from treatment of the appropriate metal(II) chloride with ½4;4 0 -H 2 bipy 2þ in aqueous HCl solution. More generally, crystalline 1 (and the analogous zinc and iron salts) can be prepared in the solid state by grinding together stoichiometric amounts of MCl 2 and ½4;4 0 -H 2 bipyCl 2 or by hydrochlorination of the coordination MOF solid ½fðμ-4;4 0 -bipyÞCoCl 2 g n 2 by HCl absorption. Likewise, crystalline 2 can be prepared by conventional solution methods, or by solvent drop grinding of the pure reagents (cobalt(II) chloride and 4,4′-bipy) or by thermal or mechanochemical HCl elimination from 1. Similar behavior is now reported for the bromide analogues ½4;4 0 -H 2 bipy½CoBr 4 3 and ½fðμ-4;4 0 -bipyÞCoBr 2 g n 4. We have previously reported that crystals of 3, whose structure is isomorphous with the chloride analogue, can be grown from aqueous solution by solvent evaporation (19) . Green microcrystalline 3 is also obtained by grinding together, in an agate mortar, stoichiometric amounts of ½4;4 0 -H 2 bipyBr 2 and CoBr 2 with a drop of water. The X-ray powder diffraction (XRPD) pattern observed for the product is consistent with that calculated from the known crystal structure, and together with microanalysis confirms that the reaction is quantitative and forms only the known phase 3.
Thermogravimetric analysis (TGA) of 3 reveals that it loses two equivalents of HBr on heating to 350°C, leaving a pink powder of composition ½ð4;4 0 -bipyÞCoBr 2 4. The XRPD pattern of this powder indicates that it is isomorphous with the chloride analogue 2. The crystal structure of 2 (see Fig. 1 ) has been refined by Rietveld methods. This analysis confirms the composition and structural assignment of phase 4 as ½fðμ-4;4 0 -bipyÞCoðμ-BrÞ 2 g n , and also provides its lattice and molecular dimensions (see Table S1 ).
The MOF 4 can also be prepared by solvent drop grinding of 4,4′-bipyridine with anhydrous CoBr 2 , or alternatively by chemical dehydrobromination achieved through grinding 3 with two equivalents of KOH, forming KBr as a side product (see Scheme 1).
Interestingly, all attempts to prepare crystalline 4 from aqueous solution by reaction of CoBr 2 and 4,4′-bipyridine afforded only hydrates. Single crystals, of composition ½ð4;4 0 -bipyÞ 2 CoðH 2 OÞ 4 Br 2 · H 2 O (7) were isolated and their structure determined (see Fig. S1 and Table S2 ). The crystals are twinned, so rendering the analysis less precise, but the unanticipated stoichiometry (2 bipy per CoBr 2 ) and undesired water incorporation is obvious. From ethanolic solution, reaction of CoBr 2 and 4,4′-bipy afforded 4 but only in very poorly crystalline powder form.
The acid elimination (dehydrobromination) reaction can be reversed by exposing the coordination polymer 4 to dry HBr gas for a few minutes at room temperature (and for one week using the vapor from concentrated aqueous HBr). Remarkably 4 is also obtained over a period of 12-15 h by exposing the chloride coordination species 2 to HBr under the same conditions (see Methods). Conversely, exposure of the bromide compound 4 to HCl gas results in a solid of composition ½4;4 0 -H 2 bipy½CoBr 2 Cl 2 (i.e., ½4;4 0 -H 2 bipy½CoBr 4-x Cl x (x ¼ 2), 5 2 ) even after prolonged exposure. Solids ½4;4 0 -H 2 bipy½CoBr 4-x Cl x (5 x ) with varied Br/Cl ratios can also be prepared by grinding the appropriate amounts of ½4;4 0 -H 2 bipyCl 2 and/or ½4;4 0 -H 2 bipyBr 2 with CoCl 2 and/or CoBr 2 . XRPD shows that all the products are isomorphous with both 1 and 3.
TGA reveals that the hydrogen bonded salts 5 x lose two equivalents of HX (X ¼ Cl, Br) to form a coordination polymer, and that there is a preference for losing HCl over HBr. For ½4;4 0 -H 2 bipy½CoBr 2 Cl 2 5 2 the ratio of HBr to HCl lost is approximately 1∶2 (see Table 1 ).
Single crystals of ½4;4 0 -H 2 bipy½CoBr 4-x Cl x (5 x ) with varied composition were grown from three solutions prepared by reaction of the metal dihalides with ½4;4 0 -H 2 bipyX 2 (X ¼ Cl or Br) with different total Br/Cl ratios (1∕3, 1∕1 and 3∕1; see Methods). Energy dispersion X-ray spectroscopy (EDAX) showed that single crystals grown in a given solution have varied composition (presumably dependent on time of growth), indicating that solution methods are not ideal in affording controlled crystal composition. Nevertheless, single crystal analyses were carried out on a number of crystals prepared in this way and halogen composition was explicitly determined by refinement against the diffraction data.
The unit cell volume varies with the halogen composition and a linear equation relating cell volume V ðxÞ and x (the number of Cl per formula unit) may be satisfactorily fitted by least squares (Fig. 2) . For unit cells determined at room temperature Eq. 1 may be derived, and for unit cells determined at 100 K, Eq. 2.
In order to derive a kinetic law for the chloride-bromide exchange reactions, 1 and 3 were exposed to dry HBr and HCl gas respectively. XRPD patterns were measured after different times of exposure and the unit cell parameters were refined against the diffraction pattern observed. Eq. 1 was used to calculate the amount of halide exchanged (i.e., the value of x) and thus the degree of the reaction. The unit cell volume, and thus the amount of halide exchanged, varies smoothly with the time of gas exposure (Fig. 3 ), and so it is possible to derive a kinetic law (Eq. 3) for the quasi-first order Br-Cl exchange reaction.
The kinetic law shown in Eq. 3 can in principle be exploited to synthesize hydrogen bonded salts 5 x as crystalline samples of desired composition and unit cell size by exposing 1 to HBr for a given time. The samples of 5 x prepared in these ways are all apparently single phase materials and are presumably solid solutions. These samples therefore have XRPD patterns consistent with single The HBr/HCl ratio is based on mass lost. *after heating at 40°min −1 from room temperature. rather than mixed phases and sharp single crystal X-ray diffraction patterns, and show homogeneous composition as measured by EDAX study of single crystals samples. Furthermore, they have solid-state UV/visible spectra which vary smoothly in appearance (see Fig. S2 ). The positions of the principal maximum in these spectra (at ca. 500 nm) vary smoothly and near linearly with composition (Fig. 4) . The remarkable recrystallization reactions which take place in these species apparently afford samples which not only are effectively homogeneous at the crystallinity length scale (by XRPD) but also are sufficiently homogeneous on the chromophore length scale to absorb UV/visible light as though a pure single phase although they cannot be so homogeneous at the molecular scale. It does not seem likely that these transformations are of the single crystal to single crystal type, but rather occur by reactions and subsequent propagation at grain boundaries and defects. The degree of crystallinity that results is high, as reflected in the XRPD patterns for these phases (and all those reported here) which show peak widths which vary irregularly with composition. The time scale of these reactions under grinding is short. Within the time (1-2 min) required to achieve complete and homogeneous grinding of a sample, the color change is complete and there is no indication of subsequent reaction or further crystallization (XRPD patterns and color are invariant, for example).
By coupling this ability to control the composition (and thus the metrics) of 5 with thermal elimination it is possible to achieve control over the composition of the MOF compound ½fð4;4 0 -bipyÞCoBr 2-x Cl x g n (6 x ). More straightforwardly, crystalline 6 x may also be prepared mechanochemically by solvent drop grinding (kneading) of appropriate mixtures of CoBr 2 and CoCl 2 with 4;4 0 -H 2 bipy (see Methods).
As shown in Fig. 5 , the XRPD patterns for 6 x (x ¼ 0-2) are consistent with the formation of single phase materials once again. As in the case of 5 x the unit cell dimensions vary across the composition range, with a particularly large variation in a (4% larger for ½fð4;4 0 -bipyÞCoBr 2 g n than for ½fð4;4 0 -bipyÞCoCl 2 g n ) (see Fig. S3 ). This axis is that in the plane of the Coðμ-XÞ 2 Co ribbon of the structure (see Fig. 6 ) and is therefore affected by the increase in radii (ionic, covalent, and van der Waals) of the halide. The variation of c is rendered less easily measured by accidental overlap of the 001 and 310 reflections in ½fð4;4 0 -bipyÞCoBr 2 g n . The widths of these diffraction peaks do not vary systematically or significantly (see Table S3 ). Fig. 7 indicates full widths at half maximum as error bars, that the samples are of similarly high crystallinity in all compositions, and that changes in 2θ are large compared with full width at half maximum for 200.
The variation in cell dimensions with composition is anisotropic being near zero for b [the Co(μ-bipy)Co axis] and intermediate for a (the direction perpendicular to the ½fðμ-4;4 0 -bipyÞCoðμ-BrÞ 2 g n layers). The dependence of diffraction peak positions (see Fig. 5 ) varies essentially linearly (see Fig. 7 ) with composition, though hardly at all for (020).
Conclusions
In the present work we have:
1. Prepared the new compound ½fð4;4 0 -bipyÞCoBr 2 g n 4 by a range of solid-state (mechanochemical and thermochemical) and solution methods. 4 is isostructural with its chloride analogue 2. 2. Shown that ½4;4 0 -H 2 bipy½CoBr 4 3 and ½fð4;4 0 -bipyÞCoBr 2 g n 4 can be readily prepared by grinding CoBr 2 with a drop of solvent and ½4;4 0 -H 2 bipyBr 2 and 4,4′-bipyridine respectively. Salt 3 and MOF 4 can be interconverted by means of HBr elimination and absorption. This observation is an important confirmation of the analogy with the chloride system that promises to be exportable to a number of other systems which contain labile M-Cl bonds. 3. Observed that single phases of controlled composition and general formula ½4;4 0 -H 2 bipy½CoBr 4-x Cl x 5 x may be prepared by solid-gas reaction. Solution methods are less useful in controlling the stoichiometry of 5 x but do afford single crystal samples. 4. Developed simple solid-state mechanochemical preparations of crystalline single phase samples of salt 5 x and MOF ½fð4;4 0 -bipyÞCoBr 2-x Cl x g n 6 x , allowing fine control over the composition and unit cell volume of the product. 5. Shown that, as judged by X-ray diffraction (single crystal and powder) and UV/vis spectroscopy, phases 5 x and 6 x are effectively homogeneous materials. 6. Shown that the elimination of HBr occurs at higher temperatures as compared with HCl and that in the solid solution 5 x the elimination of HCl is favored over HBr. 7. Experimentally established the relationship between the halogen composition and unit cell volume for the solid solution 5 x and 6 x . This relationship has then been used to monitor the solid-gas halogen exchange reaction. 8. Demonstrated the "engineering" control that these protocols afford over the crystal lattice metrics in 5 x and 6 x .
It is notable that crystallization in these systems proceeds apparently smoothly and rapidly to afford highly crystalline (albeit polycrystalline) samples without recourse to bulk solvation, or indeed any added solvent at all in some cases. This observation is surprising. It may be that the lability of the M-ligand bonds in these archetypal divalent first row metal halides is crucially important, but time and further experimentation will tell. The availability of methods to control the composition of MOFs by controlling the composition of precursor is of potential value to the field of MOF synthesis more generally. In particular it is clear that lattice metrics can be well controlled by the methodologies established in this work. This observation opens the way to control over the physical and chemical properties of MOFs that depend on the lattice metric.
Methods
Syntheses were carried out in air using standard laboratory glassware. ½4;4 0 -H 2 bipyCl 2 was prepared from solution by the literature method (32) to give a solid with the expected elemental analysis and X-ray powder diffraction pattern. All other reagents were purchased from Aldrich, Strem or Lancaster and used without further purification. Product samples were dried in vacuo or in the oven at 60°C. Grinding was carried out by hand in an agate mortar. ½4,4 0 -H 2 bipy½CoBr 4 3. Solution synthesis: As previously reported (19 For the crystals of varying compositions thus obtained, single crystal X-ray diffraction was used to solve the low temperature crystal structure, to determine the room temperature unit cell dimensions, and to determinate the halogen composition by refining the halogen occupancies against the intensity data. Seven crystals with x ¼ 3.00, 2.96, 2.83, 2.44, 2.26, 1.01, and 0.70 were studied in this manner; detailed crystal structure information is given in the accompanying .cif file. Vapor absorption: Samples of different compositions were synthesized from 173 mg (0.2 mmol) of ½4;4 0 -H 2 bipy½CoBr 4 3 and 72 mg (0.2 mmol) of ½4;4 0 -H 2 bipy½CoCl 4 2 in sealed vessels. Nitrogen was purged through the vessels before they were filled respectively with dry HCl and HBr gas. Samples were withdrawn at intervals of 1, 2, 3, 6, 12, 18, 24, 48 and the solvents were allowed to evaporate for 10 d, forming light yellow crystals which were suitable for X-ray diffraction analysis.
X-ray single crystal analysis. Crystal structures were solved from X-ray data collected at 100 K on a Bruker APEX or Oxford Gemini R Ultra diffractometer using Mo-K α X-radiation. Data were corrected for absorption using empirical methods based upon symmetry-equivalent reflections combined with measurements at different azimuthal angles. Crystal structures were solved and refined against all F 2 values using the SHELXTL suite of programs (33) . In ½4;4 0 -H 2 bipy½CoBr 4-x Cl x 5x the thermal displacement parameters (U ij ) of chloride and bromide atoms sharing (almost) the same position were equated and their occupation factors constrained to sum to unity. Non-hydrogen atoms were refined anisotropically and hydrogen atoms were placed in calculated positions, refined using idealized geometries (riding model), and assigned fixed isotropic displacement parameters. X-ray data of the same single crystals were also collected at room temperature to determine the unit cell dimensions. The diffraction data for 7 showed it to be twinned. CCDC 743700-743708 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif.
Powder X-ray analysis. X-ray data on the polycrystalline powders were collected at room temperature on Bruker D8 and Panalytical X'Cellerator instruments. Unit cell determination by Pawley refinement and crystal structure determination were conducted by using the CCDC program DASH 3.0 (34) . The structure of 4 was refined against powder data using an initial model based on the crystal structure of 2. The position of the bromine atom was allowed to vary, but those of the carbon, nitrogen, and hydrogen atoms were fixed (The position of Co is constrained by symmetry). The isotropic displacement parameter was allowed to vary for the bromine atoms but was fixed for all other atoms. Refinement was carried out using the FullProf suite of programs (35) using Gaussian peak profiles in the range from 5-40°of 2θ.
UV/Vis analysis. Solid-state UV-Vis spectra were collected on a Perkin-Elmer Lambda 35 UV-Vis spectrometer in reflectance mode.
TGA analysis. Thermogravimetric analyses were performed under a nitrogen atmosphere on a Perkin-Elmer STA 6000 simultaneous thermal analyzer between 50-500°C. The heating rate was varied in different experiments as reported in Table 1 .
